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Abstract

This protocol describes how villous cytotrophoblast cells are isolated from placentas at term by successive enzymatic digestions, followed by
density centrifugation, media gradient isolation and immunomagnetic purification. As observed in vivo, mononucleated villous cytotrophoblast
cells in primary culture differentiate into multinucleated syncytiotrophoblast cells after 72 hr. Compared to normoxia (8% O2), villous
cytotrophoblast cells that undergo hypoxia/reoxygenation (0.5% / 8% O2) undergo increased oxidative stress and intrinsic apoptosis, similar
to that observed in vivo in pregnancy complications such as preeclampsia, preterm birth, and intrauterine growth restriction. In this context,
primary villous trophoblasts cultured under hypoxia/reoxygenation conditions represent a unique experimental system to better understand
the mechanisms and signalling pathways that are altered in human placenta and facilitate the search for effective drugs that protect against
certain pregnancy disorders. Human villous trophoblasts produce melatonin and express its synthesizing enzymes and receptors. Melatonin has
been suggested as a treatment for preeclampsia and intrauterine growth restriction because of its protective antioxidant effects. In the primary
villous cytotrophoblast cell model described in this paper, melatonin has no effect on trophoblast cells in normoxic state but restores the redox
balance of syncytiotrophoblast cells disrupted by hypoxia/reoxygenation. Thus, human villous trophoblast cells in primary culture are an excellent
approach to study the mechanisms behind the protective effects of melatonin on placental function during hypoxia/reoxygenation.

Video Link

The video component of this article can be found at http://www.jove.com/video/54228/

Introduction

Throughout human pregnancy, the placental cytotrophoblast cells, which are mononucleated stem cells, rapidly proliferate and differentiate into
either villous or extravillous cytotrophoblast cells. Extravillous cytotrophoblasts invade and remodel the spiral arteries of the uterine wall. Villous
cytotrophoblasts, on the other hand, continue to proliferate, differentiate and fuse to form multinucleated syncytiotrophoblast (the syncytium)1.
The maintenance of villous trophoblast homeostasis is essential for fetal well-being and healthy pregnancy. In fact, villous trophoblasts allow
maternal-fetal exchange of oxygen and nutrients, and produce essential hormones for pregnancy. Moreover, the syncytiotrophoblast is the
only cell-type in direct contact with the maternal blood circulation and provides an essential physical and immunological barrier. Therefore, the
syncytiotrophoblast must undergo apoptosis and replacement for homeostatic maintenance and to avoid placental pathologies2-5.

The technique developed by Kliman et al.6 in 1986 to isolate primary villous cytotrophoblasts from human placentas caused a revolution in
placental research by allowing the study of the molecular mechanisms involved in villous trophoblast differentiation. This classical technique,
based on sequential enzymatic digestions with trypsin and DNase, followed by isolation in density centrifugation media (colloidal silica particles
coated by polyvinylpyrrolidone, or Percoll) is now recognized as the gold standard for isolating villous cytotrophoblast cells. The technique can
be optimized by magnetic immunopurification, a procedure that separates villous cytotrophoblasts from non-trophoblastic cells based on the
differential expression of specific antigens on the surfaces of these cells. We chose the human leukocyte antigen ABC (HLA-ABC) due to the
absence of its expression on the trophoblastic cell membrane7,8.

The placenta is an organ that undergoes dramatic variations in oxygen levels during pregnancy. In the first trimester, the oxygenation ratio is
physiologically very low (2% O2) but increases to mild levels of oxygenation (8% O2) in the second and third trimester. Tuuli et al.9 described that
the in vitro reproduction of the trophoblast environment inside the placental villi is a challenge and variations in oxygenation levels may even
lead to phenotypical changes. It is, therefore, suggested to adopt 8% oxygen as normoxia to mimic the oxygen tension found in placental villi
during the third trimester of gestation8,9. Chen et al.10 extensively studied several variables related to oxygen tension in trophoblast cell culture
and demonstrated the importance of determining oxygen levels in a pericellular environment. The levels of oxygen in the villi tend to increase
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due to vasculogenesis. The blood flow in placental villi increases constantly and the level of hydrogen peroxide (an abundant reactive oxygen
species) is an important signal that controls vasculogenesis11,12. In pregnancy complications, a lack of vasculogenesis generates hypoxia,
and more importantly, intermittent variations of oxygenation (called hypoxia/reoxygenation). These conditions lead to an abnormal increase in
oxidative stress, which compromises placental and fetal viability13,14. The alterations that trophoblast cells undergo in vivo during episodes of
hypoxia/reoxygenation can be mimicked in vitro as follows: villous cytotrophoblasts are maintained under normoxic conditions (8% O2) until
they differentiate into syncytiotrophoblast. They are then subjected to hypoxic conditions (0.5% O2) for 4 hr, followed by an additional 18 hr of
normoxia (reoxygenation). Using this hypoxia/reoxygenation approach, trophoblasts exhibit deregulated redox status and increased levels of
intrinsic apoptosis8, as has been observed in certain pregnancy complications. Hence, this is a useful in vitro model to evaluate new preventive
and therapeutic approaches to combat pregnancy complications associated with placental hypoxia/reoxygenation.

Placental cells produce melatonin, which has several important functions, such as an ability to obviate oxidative stress and placental
dysfunction15. Here, we present the experimental approach and cell models used to demonstrate the protective effects of melatonin in placental
trophoblast cells at the molecular, cellular and functional level8.

Protocol

Placentas were obtained immediately after spontaneous vaginal deliveries from uncomplicated pregnancies at the CHUM-St-Luc Hospital,
Montreal, QC, Canada, with informed patient consent and approval of ethical committees (CHUM-St-Luc Hospital and INRS-Institut Armand-
Frappier, Laval, QC, Canada).

1. Isolation and Purification of Villous Cytotrophoblast Cells

1. Solutions and media
1. Prepare transport media by supplementing Dulbecco's Modified Eagle's Medium High-Glucose (DMEM-HG) with 1% vol/vol antibiotic

(10,000 units/ml penicillin G, 100 mg/ml streptomycin sulphate) and store at 4 °C.
2. Prepare primary culture media by supplementing DMEM-HG with 10% vol/vol fetal bovine serum (FBS), 25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 1% vol/vol antibiotic (10,000 units/ml penicillin G, 100 mg/ml streptomycin sulphate) and store
at 4 °C. Warm media to 37 °C before use.

3. Prepare 4 L of saline solution (0.9% weight/vol sodium chloride).
4. Prepare modified Hank's Balanced Salt Solution (HBSS) by adding 25 mM HEPES to 1x HBSS (pH 7.4).
5. Prepare fresh, four bottles of digestion solution with modified HBSS (prepared in 1.1.4), magnesium sulfate (MgSO4), calcium chloride

(CaCl2), trypsin, deoxyribonuclease IV (DNase IV), and 1% vol/vol antibiotic (10,000 units/ml penicillin G, 100 mg/ml streptomycin
sulfate) as shown in Table 1.

6. Prepare density centrifugation media gradient
1. Prepare density centrifugation media solution by supplementing density centrifugation media with 10% vol/vol HBSS 10x.
2. Prepare 14 assay tubes with density centrifugation media solution and modified HBSS, as described in Table 2.
3. Mix each density solution (step 1.1.6.2) vigorously before adding its content to the gradient. Gently add the density solutions to a

50 ml glass centrifuge tube with a peristaltic pump (1 ml/min), beginning with the highest concentration (70%). Avoid droplets by
draining the solutions against the tube wall to maintain the proper separation of each layer of the gradient.

1. In absence of a peristaltic pump, apply the layers very gently with Pasteur pipettes.

7. Prepare final running buffer by supplementing the running buffer (see Table of Materials) with 2% vol/vol antibiotic/antimycotic (10,000
units/ml penicillin G, 100 mg/ml streptomycin sulfate). Store at 4 °C.

2. Villous cytotrophoblast isolation
 

Note: Use sterile surgical equipment, glassware, pipettes, flasks, etc.
1. On the day of villous cytotrophoblast isolation, in a 37 °C water bath, warm the digestions solutions (from step 1.1.5) and 70 ml of FBS.

Note: Use 50 ml of FBS to interrupt the digestions and the remaining 20 ml for the freezing step (1.2.22) which can be placed on ice
once thawed.

2. After delivery, bring the placenta to the laboratory in ice-cold transport medium (from step 1.1.1) as quickly as possible (less than 1 hr).
3. Discard transport medium and placental blood in liquid dustbin. Weigh the placenta and immerse in cold saline solution.
4. Measure and analyze the following features: umbilical cord length; umbilical cord localization; placental length, width, shape (oval,

discoid); membrane color; cotyledon structure pathologies. Note: Data are presented in the results section.
5. Cut the umbilical cord alongside its placental insertion (i.e., at its base with an additional 1 cm radius circle around the cord). Immerse

in 300 ml of histological tissue fixative solution (formalin 10%) for later histological analysis.
6. Cut the entire placenta into cubes of 5 x 5 x 5 cm. Wash thoroughly (4 times x ~ 1 min) in saline solution (0.9%) to remove blood cells

until saline solution is clear. Discard rinsing liquid.
7. In a watch glass, remove placental membranes and mince tissues to remove blood vessels and calcifications. Hold blood vessels firmly

with forceps and remove tissues using the back of Metzenbaum scissors.
1. Place minced placenta in a Büchner funnel. Rinse with approximately 100 ml of saline buffer. Continue mincing until 30 - 35 g of

minced tissue is obtained (use plastic weighing boat and scale). If needed, mince the remainder of the placenta to obtain up to
three additional 30 - 35 g preparations. During this time, put minced tissue in a weighing boat on ice.
 

Note: This step will take around 45 min to 1 hr.

8. Add the 30 - 35 g minced placental tissue to a trypsinizing flask. Transfer 150 ml of the prepared digestion solution 1 (Table 1) to the
trypsinizing flask and mix well.

9. Place the trypsinizing flask in a shaking water bath for 30 min at a speed of no more than 50 cycles/min and manually mix the
trypsinizing flask every 5 min for homogenous digestion.
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10. At the end of the first digestion, remove the trypsinizing flask from the water bath and tilt it (45°) for 1 min to sediment the placental
tissue. With a 10 ml sterile pipette, remove and discard approximately 80 ml of supernatant. Avoid aspirating the tissue.

11. Transfer 100 ml of digestion solution 2 (Table 1) to the trypsinizing flask; mix well and repeat step 1.2.9.
12. At the end of the second digestion, remove the trypsinizing flask from the water bath and tilt it 45° for 1 min. With a 10 ml sterile pipette,

remove 80 ml supernatant and gently transfer to a centrifuge tube with a cell strainer (100 µm mesh). Transfer the filtered supernatant
to a beaker containing 2 ml of FBS every time the centrifuge tube is full.

13. Perform the third digestion as described for the second digestion (1.2.11 and 1.2.12) using 75 ml digestion solution 3. In parallel,
perform steps 1.2.15 to 1.2.16.1 for digestion 2.

14. Perform the fourth digestion exactly as the third digestion using the digestion solution 4 (75 ml), but collect a maximum amount of
supernatant. Perform steps 1.2.15 to 1.2.16.1 in parallel for digestion 3, and finally for digestion 4.

15. Aliquot the supernatant (from digestions 2, 3 and 4) into 13.5 ml parts, each part into one 15 ml centrifuge tube. With a 22.8 cm long
glass Pasteur pipette, very gently and slowly place 1.5 ml of FBS at the bottom of each tube in order to create a separate layer. Do not
mix FBS and supernatant. Centrifuge the tubes without brake for 20 min at 1,250 x g at room temperature.
 

Note: After centrifugation, 4 layers are visible in the tube, as shown in Figure 1. The separation of trypsin and trophoblast cells avoids
excessive cellular digestion.

16. With a vacuum pump, aspirate and discard the supernatant (digestion solution) and FBS layers, including the whitish film between the
two layers. Resuspend the pellet (the trophoblasts and red blood cell layers) with 1 ml of warm cell culture medium (step 1.1.2; with no
FBS and no HEPES).

1. Collect resuspended cells from all tubes and combine them in 1 tube. Let the tube stand at room temperature until the end of all
digestions. Note: After all digestions, the usual yield is 3 tubes of resuspended cells (one per digestion).

17. Make up the volume to 15 ml with warm cell culture medium. Centrifuge at 1,250 x g for 10 min at room temperature. Remove the
supernatant with a vacuum pump. Avoid aspirating the pellet.

18. Gently resuspend the pellet obtained from the 3 tubes with 1 ml of warm cell culture medium. Pool their content in 1 tube. To obtain 8
ml, complete the volume with warm cell culture medium.

19. Very gently layer the cell suspension on a separation gradient with a Pasteur pipette. Centrifuge without brake for 30 min at 507 x g at
room temperature.

20. After centrifugation, identify the different layers of cells in the gradient with back-lighting. Locate the layers containing trophoblast and
contaminating cells between 40 - 50% of density centrifugation medium. With a vacuum pump, remove upper layers (> 50%).

21. Collect cells located in the layers of interest with a Pasteur pipette and transfer them to a 50 ml centrifuge tube. Make up the volume to
50 ml with cell culture medium. Centrifuge for 10 min at 1,250 x g at room temperature.

22. Under sterile conditions, discard the supernatant, resuspend the pellet with 20 ml of FBS and count the number of cells using a
hemocytometer. On ice, add 2.22 ml of sterile dimethyl sulfoxide (DMSO) and mix gently by flipping. Aliquot 1.5 ml of cell suspension
into cryogenic vials, freeze overnight at -80 °C and transfer to a liquid nitrogen tank.

3. Trophoblast purification
1. Install the rinsing and running buffers and a new filter column on the magnetic purification instrument according to manufacturer's

instructions. Perform the "clean program" to clean negative 1, positive 1 and positive 2 ports, and then introduce the 50 ml tubes under
each port according to manufacturer's instructions.

2. Thaw the cells that were frozen in step 1.2.22 quickly in a 37 °C water bath. Transfer cells to a 50 ml tube and resuspend cells gently
with 20 ml of cold running buffer solution. Centrifuge the tube for 5 min at 450 x g and 4 °C.

3. Discard the supernatant. Repeat the wash step with cold running buffer. Count cells using a hemocytometer to determine viability.
Repeat the centrifugation (for 5 min, 450 x g at 4 °C). Carefully remove the supernatant. Add 1 ml of cold running buffer containing 1%
vol/vol of mouse anti-HLA-ABC antibodies. Incubate at 4 °C for 30 min, mixing gently every 5 min.

4. Add 6 ml of cold running buffer. Centrifuge for 5 min at 450 x g and 4 °C. Discard the supernatant and repeat this step. Resuspend
cells in 1 ml of cold running buffer containing 10% vol/vol of anti-mouse secondary antibody-coupled magnetic beads. Incubate at 4 °C
for 15 min, mixing gently every 5 min.

5. Add 6 ml of cold running buffer. Centrifuge for 5 min at 450 x g and 4 °C. Discard the supernatant and resuspend in 5 ml cold running
buffer.

6. Separate the trophoblast cells using the magnetic purification instrument. Collect cells at the negative port and add 20 ml of cold
running buffer.
 

Note: Trophoblast cells do not contain the complex HLA-ABC, and are thus separated from other cell types and directed towards the
negative 1 port.

7. Centrifuge for 5 min at 450 x g and 4 °C. Discard the supernatant and gently resuspend the cells in 20 ml warm primary culture
medium. Count the cells using a hemocytometer to determine viability.

8. Plate the cells at the following densities: 0.15 x 106 cells/well in 96-well plates, 1.6 x 106 cells/well in 24-well plates and 4.5 x 106 cells/
well in 6-well plates. Incubate plates at 37 °C and 5% CO2.

9. Confirm the purity of the trophoblast cells by flow cytometry16,17 and/or by immunocytochemistry18.
 

Note: The purity of the immunopurified cells was determined using FITC-conjugated monoclonal antibodies against cytokeratin-7 and
vimentin17-19. This protocol is well detailed in Lanoix et al., 20087.

10. After at least 4 hr, rinse the cells twice with warm culture medium to remove unattached cells and then transfer the plates to the
normoxia chamber, which is composed of 8% O2 (see Figure 2 and section 2).

2. In Vitro Induction of Normoxia and Hypoxia/Reoxygenation

1. Incubator chamber operation (see Figure 2A for set-up).
1. In a laminar flow hood, place a Petri dish containing sterile water at the bottom of the incubator chamber to avoid dryness; then place

the previously prepared cell culture plates or flasks (step 1.3.10) on the superior shelves of the chamber.
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2. Outside the hood, attach the chamber (inlet port) to the gas hose (Figure 2A: 5a, b and c) to reach the tube of gas (8% O2 or 0.5% O2)
(Figure 2A: 7). Open both inlet and outlet ports of the chamber. At this moment, the gas regulator (Figure 2A: 4) should remain closed.

3. Carefully open the gas regulator valve (Figure 2A: 4). Flush for 4 min with an air flow of 25 L/min to completely replace the air inside
the chamber.

4. After flushing the chamber, close the gas regulator then the inlet and outlet ports of the chamber.
5. Unplug the flow meter outlet hose (Figure 2A: 5c) from the inlet port of the chamber and place the chamber in a cell culture incubator

at 37 °C.
6. Replace the air currently present in the plates, flasks and dissolved in the culture medium by filling the chamber with gas 1 hr after step

2.1.3.
7. Repeat steps 2.1.1 to 2.1.6 for the other gas compositions (e.g., 2% O2 for first trimester trophoblast culture9).

2. Confirm the oxygen percentage (Figure 2B-C)
1. To confirm the concentration of oxygen in the cell culture medium (without cells) inside the chamber, use an oxygen electrode

connected to an oxygen adapter. Connect the oxygen electrode to a voltmeter.
2. Create a calibration curve in the same solution (i.e., cell culture medium) by exposing the solution to gases with known oxygen

contents (e.g., 0% and 21% oxygen). After the readings are stabilized for each concentration, introduce the electrode into the medium
in the chamber.
 

Note: Take all measurement at the same depth in order to avoid any bias in oxygen concentration10.

3. Induction of normoxia and hypoxia/reoxygenation in trophoblasts.
1. After adding primary trophoblast cells to the appropriate cell culture flasks, plates or Petri dishes, perform treatments as necessary.
2. In parallel, inside the chamber, expose cells to the desired gas mixture to reproduce a specific condition every 24 hr (Figure 3).

Representative Results

Isolation and immunopurification of villous cytotrophoblast cells from a normal term placenta obtained by vaginal delivery yielded 1 x 108

viable cells. The placenta weighed 350 g, was 19 cm in diameter, 4 cm tall with discoid shape and transparent membranes. No cotyledon
malformation was detected. The umbilical cord had paracentral localization and a length of 56 cm. The purity was evaluated by flow cytometry
using vimentin and cytokeratin-7 markers. More than 98% of the cells were negative for vimentin and positive for cytokeratin-7, confirming the
purity of villous trophoblasts cells obtained from the immunopurification. Villous cytotrophoblast cells were added to 96-well culture plates under
normoxic conditions in the presence or absence of 1 mM melatonin. The biochemical differentiation of villous cytotrophoblasts was monitored by
determining levels of β-human chorionic gonadotropin (β-hCG) secretion as described previously1,7,20,21. The morphological differentiation and
apoptosis were assessed by immunofluorescence using anti-desmoplakin and anti-caspase-cleaved cytokeratin 18 intermediate filaments7,22.
Cell culture media from day 1 (mainly villous cytotrophoblasts) to day 4 (mainly syncytiotrophoblasts) were collected, centrifuged and β-hCG
levels were measured in the supernatants. Production of β-hCG, which is exclusive to the syncytiotrophoblast, increased with culture time
(Figure 4). Not only hypoxia/reoxygenation, but hyperoxia (> 20% O2) also activated apoptosis23. Thus, adoption of an 8% O2 concentration
was representative of the quantity of oxygen to which a villous trophoblast cell would be exposed during the third trimester of pregnancy10. The
peak of β-hCG levels observed at 72 hr confirmed the capacity of villous cytotrophoblasts to differentiate under these conditions. Melatonin did
not alter β-hCG secretion under these study conditions. The decrease of β-hCG levels at 96 hr was likely caused by apoptosis of trophoblast
cells, which increases after prolonged periods in primary culture5,7,22,24,25 (Figure 4). DMSO (0.1% vol/vol) was selected because it did not
affect β-hCG levels26,27. The protective role of melatonin was strongly related to its antioxidant properties. Hypoxia/reoxygenation after 72h of
culture induced oxidative stress in villous trophoblast cells. The protective effect of melatonin was assessed with Reactive Oxygen Species
(ROS) Detection Reagent (Figure 5A). After 96 hr of culture, trophoblast cells were incubated for 45 min with 10 µM of 5-(and-6)-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) to detect the total amount of ROS produced8. Villous trophoblast cells that underwent
hypoxia/reoxygenation had significantly increased ROS levels (54%) compared to those under normoxia. This increase was reversed by
treatment with 1 mM melatonin. Moreover, under normoxia melatonin did not modulate ROS levels (homeostasis), which was similar to non-
treated villous trophoblast cells (Figure 5A). Figure 4 and 5A show that under normoxia melatonin did not alter levels of oxidative stress
or β-hCG secretion in the trophoblast cells, which corroborates previous studies showing no modulation of cell homeostasis under normal
conditions28,29.
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Figure 1: Digestion Tube. After centrifugation, 4 layers are formed. The upper layer is composed of digestion solution; just below, the fetal
bovine serum (FBS). Both layers should be discarded with a vacuum pump. The lower layers are composed as follow: a white layer containing
fibroblasts, leukocytes, macrophages, and trophoblasts; and a bottom layer composed of red blood cells. Please click here to view a larger
version of this figure.

 

Figure 2: Components of the Hypoxia Chamber and Measurement/Calculation of Dissolved Oxygen Concentration. (A) Hypoxia chamber
and gas cylinder assembly: (1) Gas cylinder; (2) Gas regulator; (3) Gas hose clamp; (4) Cylinder gas hose; (5) Inlet filter; (6) Inlet hose; (7) Flow
meter; (8) Outlet hose; (9) Modular incubator chamber. (B) Calculation of actual oxygen concentration in cell culture medium using a standard
curve produced with known oxygen concentrations. (C and D) The relative values obtained in the solutions "0% O2" and "21% O2", are plotted
graphically as a linear function to determine the oxygen concentration in the cell culture medium "?% O2". Please click here to view a larger
version of this figure.
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Figure 3: Generic Experimental Design of Cell Culture in the Modular Incubation Chamber. Normoxia (8% O2; 5% CO2; 87% N2) and
hypoxia/reoxygenation (H/R) (0.5% O2; 5% CO2; 94.5% N2) are conditions used to study pathological conditions in villous cytotrophoblast (vCTB)
and syncytiotrophoblast (STB) cells. Every 24 hr, medium with or without melatonin (1 mM) is changed and the gas mixture is renewed. Under H/
R, STB cells undergo hypoxia (0.5% O2) for 4 hr and then return to normoxia (8% O2). Please click here to view a larger version of this figure.

 

Figure 4: Effect of Melatonin on beta-human Chorionic Gonadotropin (β-hCG) Secretion during Villous Trophoblast Differentiation.
Villous cytotrophoblast cells were isolated and purified from human healthy term placentas. Cells were treated for 96 hr with 1 mM melatonin or
dimethyl sulfoxide (DMSO 0.1%: vehicle control) under normoxic conditions (8% O2; 5% CO2; 87% N2). β-hCG levels in culture medium were
measured by enzyme-linked immunosorbent assay (ELISA) after 24, 48, 72 and 96 hr of primary culture. Levels were normalized to the protein
content of the whole-cell lysate from each corresponding well. Please click here to view a larger version of this figure.
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Figure 5: Anti-oxidant Effect of Melatonin in Syncytiotrophoblast Exposed to Hypoxia/Reoxygenation. (A) The effect of melatonin (M;
1 mM) on intracellular reactive oxygen species (ROS) levels in syncytiotrophoblast cells under normoxia (N) or hypoxia/reoxygenation (HR),
induced after 72 hr of culture, was assessed by 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) fluorescence.
Results are expressed as the mean ± SD of 3 different placentas; *** P < 0.001 (Lanoix, et al.8). (B) The cellular pathways involved in the
putative protection of melatonin against hypoxia/reoxygenation-induced apoptosis. Primary villous cytotrophoblast cells were cultured for 72 hr
under normoxia (8% O2) to allow differentiation into syncytiotrophoblast. Cells were exposed to 1 mM of melatonin or vehicle control and then
subjected to hypoxia (0.5% O2) for 4 hr followed by an 18 hr reoxygenation period (8% O2). Hypoxia/reoxygenation-induced oxidative stress
activates redox sensitive transcription factors such as nuclear factor kappa B (NF-κB) and hypoxia inducible factor 1 (HIF-1). NF-κB induces p53,
which triggers the Bax/Bcl-2 pathway of mitochondrial apoptosis involving the cleavage and activation of caspases 9 and 3. Caspase 3 activates
Rho-associated, coiled coil-containing protein kinase 1 (ROCK-1), the cleavage of poly(ADP-ribose) polymerase (PARP) and the impairment
of DNA repair. Melatonin prevents the induction of mitochondrial apoptosis by acting as a powerful antioxidant to reduce the oxidative stress
caused by hypoxia/reoxygenation. This figure has been modified from Lanoix et al., 20138. Please click here to view a larger version of this
figure.

Digestion 1 Digestion 2 Digestion 3 Digestion 4

Modified HBSS (ml) 150 100 75 75

DNAse (µl)

(0.1 mg/µl)

300 200 150 150

MgSO4 (µl)

(800 mM)

150 100 75 75

CaCl2 (µl)

(100 mM)

150 100 75 75

Trypsin (U) 1,824,000 1,200,000 960,000 960,000

P/S (ml) 1 0 0 0

Table 1: Quantities of Ingredients for the Digestion Solution. Penicillin and streptomycin (P/S); magnesium sulfate (MgSO4); calcium chloride
(CaCl2); deoxyribonuclease IV (DNase IV).
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Table 2: Volumes of Density Centrifugation Media Solution and Modified HBSS Required for Preparation of the Gradient Solution.

Discussion

In mammals, fetal development is directly dependent on adequate placental function. The developmental origins of health disorders are based
on the hypothesis that the cause of diseases manifested later in life can be traced back to early development and that the placenta has a
mechanistic role in fetal programming30-32. The placenta is the key mediator of fetal growth and development: it regulates nutrient transfer,
protects against harmful exposures, and has major endocrine functions. The development by Kliman et al. of a reproducible technique to isolate
viable primary cytotrophoblasts is a milestone in the study of normal and abnormal placental functions6. Many researchers have adapted this
technique to reproduce specific conditions in vitro to understand placental physiology18,20,33,34. As described by Petroff et al., many steps are
important to guarantee a purified and robust yield of isolated cytotrophoblast cells18. For example, the digestion steps have undergone several
modifications since the development of the technique in 1988, such as an increased number and length of the digestions, as well as to the
composition and quantity of digestion enzymes, resulting in greater numbers of viable isolated cytotrophoblasts18. This current protocol has three
main advantages: cryopreservation, which allows for the possibility to continue the protocol later immunomagnetic purification, which increases
cytotrophoblast purity and the use of pre-coated microplates improving cell attachment7,34-36. The existing literature contains several examples of
diverse modifications of the isolation technique for cytotrophoblast cells, but the characteristics of the density centrifugation media has remained
virtually unmodified37. The presented technique of isolation/immunopurification has several critical steps. Hence, it is important to evaluate the
purity of the villous cytotrophoblast cells at the end of each immunopurification. This can be done by flow cytometry using appropriate antibodies
as markers: cytokeratin-7 (trophoblastic marker), cluster of differentiation 45 (CD45) and vimentin (non-trophoblast cells markers)18,38,39. Other
critical aspects are the quality of the obtained placentas, the FBS and density centrifugation media gradient, as well as centrifugation speed,
which can all influence the yield and quality of the cells20,40.

Although widely used, the present technique has unavoidable limitations. Firstly, the amount of viable cytotrophoblasts cells obtained after
immunopurification is relatively low and is the main limiting factor in the number of possible conditions/treatments that can be tested. Secondly,
the life-span of primary trophoblast cells is short and in vitro differentiation into syncytiotrophoblast is closely followed by a reduction of cell
viability and an increase of apoptosis. The short length of trophoblast cell viability which does not proliferate in vitro, limits the evaluation of
longer term treatments, because apoptosis is irreversibly triggered after about 4 days of culture7,41. Thirdly, interplacental variability is large, so
a relatively large number of placentas is required to obtain statistically interpretable results. On the other hand, primary trophoblast culture has
unique advantages, such as the capacity of the cells to differentiate into syncytium, which allows for the study of conditions and treatments in
different cell phenotypes according to the various stages of differentiation. The oxygenation method presented in this protocol is highly adaptable
and its configuration can be tailored for other situations, such as the culture of primary trophoblast cells from first trimester pregnancy, which
should be exposed to a lower oxygen tension for normoxia9,42,43.

There are other approaches to study human placental function in vitro. Snap-freezing placental tissues allows for multi-omics analyses, but
requires placental multisite sampling, to avoid for example metabolic variations due to the oxygenation gradient, which decreases from the
central villi to the periphery44. However, live trophoblast cell biology and behavior cannot be studied using this approach45. Villous explants have
the advantage of maintaining the whole villous structure with the constituent cell types and their communication, but responses to treatments are
not specific to trophoblast cells23. Commercially available trophoblast-like choriocarcinoma cell lines, such as BeWo, Jeg-3 and JAR can be used
to study placental functions, such as fusion, differentiation, and transplacental transport. However, recent studies show that gene expression in
primary cytotrophoblasts and BeWo tumor cells are poorly correlated46-48. Thus, primary villous trophoblast cell culture, despite its limitations,
possess the unique advantage of mimicking the in vivo environment of the normal or abnormal placenta.

Studies using villous trophoblast cell in primary culture and villous explants show that hypoxia and hypoxia/reoxygenation systematically
decrease trophoblast cell viability, concomitant with increased levels of oxidative stress, inflammation, autophagy and apoptosis43,49-52. This
hypoxia/reoxygenation cell culture model, specifically, has allowed us to demonstrate the antioxidant and anti-apoptotic effects of melatonin in
villous trophoblast cells. In primary villous trophoblast cells exposed to hypoxia/reoxygenation, melatonin prevents the following: induction of
oxidative stress, decreased antioxidant enzyme activities, increased activity of redox-sensitive signaling pathways, and induction of mitochondrial
apoptosis (Figure 5B)8. The hypoxia/reoxygenation model is a unique tool to ascertain the preventive role of melatonin in oxidative stress-
induced damage and its possible protective role in pregnancy complications such as preeclampsia, where placental melatonin synthesis is
reduced53. Melatonin is a powerful antioxidant with a wide range of targets54. Also, the safety of melatonin as a treatment has been largely
established. The beneficial results with melatonin have been reproduced by several researchers and melatonin is currently in clinical trials as a
potential preventive or therapeutic treatment in pregnancies complicated by preeclampsia or intrauterine growth restriction55,56.

In conclusion, the isolation, purification and primary culture of high quality cytotrophoblast cells, together with the technique of hypoxia/
reoxygenation enable a wide range of promising experimental approaches to better understand pregnancy complications related to oxidative
stress and improve placental health.
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